Comparison of the 23s ribosomal RNA genes and the spacer region between the 16s and 23s 
INTRODUCTION
Mycobacterizlm avizlm and M . intracelldare, members of the M . avinm complex (MAC), are important opportunistic pathogens in humans. Infections with these bacteria have become a major problem in immunodeficient people, especially in AIDS patients (Armstrong, 1985) . M . paratzlberculosis is the causative agent of paratuberculosis, an economically important intestinal disease of ruminants and it is also associated with Crohn's disease in humans (Chiodini, 1989) . M . paratzlberczllosis has been included in the MAC, because of the close relatedness with the mycobactin-dependent M. avizlm strains (Mathews & McDiarmid, 1979 ; Hurley e t al., 1988 ;  McFadden e t al. , 1992 ; Thorel e t al. , 1990).
Mycobacteria may be divided in four groups, based on growth rate and pigmentation (Runyon e t al., 1974) . Further taxonomic classification of mycobacteria is complicated, because of the variety of specialized tests needed.
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The comparison of ribosomal RNA (rRNA) sequences or the genes encoding rRNA (rDNA) has proved to be a powerful tool for the phylogenetic classification of bacteria (Woese, 1977) . Phylogenetic studies based on the analysis of 16s rRNA of mycobacteria confirmed the classical division in fast-and slow-growers (Stahl & Urbance, 1990) . However, in those cases where the 16s rRNA sequences of closely related species are almost identical, these sequences are not sufficient for phylogenetic analysis (Fox e t al., 1992) . For instance, the 16s rRNA sequences of M. paratuberculosis and M . avizlm are 99.9 'A identical (Stahl & Urbance, 1990; Rogall e t al., 1990) . Species-specific probes for M . paratzlberculosis based on the 16s rRNA sequence could not be derived, because of the high level of 16s rRNA sequence identity with M . avizlm (Van der Giessen e t al., 1992) .
Recently, the sequence of the gene coding for the large 23s rRNA subunit of M . leprae was determined (Liesack e t al., 1991) . Comparison with selected regions of the 23s rRNA of other mycobacterial species showed that a M.
leprae-specific probe could be developed. Further, sequence analysis of the intergenic spacer region between the 16s and 23s rRNA subunit genes showed a high degree of variability even between closely related species (Suzuki e t al., 1988; Liesack e t al., 1991 (5'-GCTTTCGGCCAGTTAGTGCCAG-3') position 3079-3100. The intergenic region was amplified with primers I1 (5'-TGCGGTGGATCACCTCCTT-3') position 1522-1 541 of the 16s rRNA gene and I2 (5'-GGTTCCCCCATTCGGAAATC-3') position 109-128 of the 23s rRNA gene. Conditions of tne PCR were : 35 cycles (1 min, 95 "C ; 2 min, 58 OC ; 3 min, 72 O C ) ; total volume 100 pl containing 100 ng template DNA, 200 m'M KC1, 10 mM Tris/HCl (pH 8*3), 1.5 mM MgCl,, gelatin 0.1 g l-l, 200 pM dNTP, 1 pM of both primers and 2.5 Units of Taq polymerase (Promega), covered with 100 p1 paraffin otl. PCR products of part 1 were inserted in PstI-digested poly-Gtailed vector pUCl9 (Pharmacia-LKB). PCR products of parts 2, 3 and the intergenic region were ethanol-precipitated, made blunt by incubation with Klenow fragment of DNA polymerase I and 1.67 mM dNTP and ligated into EcoRV-digested vector Bluescript KS M13 -(pBS, Stratagene). Plasmid vectors we1 e electroporated and propagated in E. culi K12 strain PC2495, a recA-derivative of JMlOl (Yanisch-Perron e t al., 1985) .
Sequencing of the intergenic spacer region and the 235 rDNA genes. Plasmid DNAs were isolated using the Qiagen plasmid kit according to the manufacturer's manual. The sequence of the cloned 23s rDNA was determined by using the dideoxy chain termination method (Sanger e t al., 1977) , an automated laser fluorescent DNA sequencer (Pharmacia) and the autoread sequencing kit using T7 DNA polymerase (Pharmacia). Beside:; the fluorescein isothiocyanate (F1TC)-labelled universal sequence primers (5'-CCCTCGAGGTCGACGGTATCG-3' and 5'-GCCGCTCTAGAACTAGTGGATC-3') the following FITC-labelled internal primers were used to determine the 23s rDNA sequences. S1 (5'-AGTAGCGGCGAGCGAA-3') position 245-260 ; S2 (5'-TAGCTGGTTCTCCCCGAAA-3') position 948-956 ; S5 (5'-GGAGTGAGGAATGCAGGC ATG-3') position 1408-1 427 ; S6 (5'-GGGGCTGCGTGGGACC-3') position 1657-1 672 ; S7 (5'-CCCCA A ACCAACACAGGTGG-3') position 1886-1 905 ; S8 (5'-AACTGGGGCGGTTGCTCC-3') position 2543-2561 of the 23s rDNA sequence compared to E. culi.
Data analysis. Sequences were aligned using PILEUP and CLUSTALV computer programs (Devereux e t al., 1984; Higgins & Sharp, 1988) . Phylogenetic analyses were performed with distance matrix and maximum parsimony methods, as described in the Felsenstein-Phylip package version 3.3 (Felsenstein, 1985) . Phylogenetic trees were made with data distance matrix FITCH (Fitch & Margoliash, 1967) , NjTree (Saitou & Nei, 1987) , UPGMA (Sneath & Sokal, 1973) , and KITCH (Fitch & Margoliash, 1967) 
RESULTS AND DISCUSSION
The determined sequences of 23s rDNA of M. paratuberculosis and M. avizlm have a length of 3100 bp and are thus only slightly shorter than the 23s rDNA gene of M. leprae (3122 bp) (Liesack e t al., 1991) and M . phlei (3121 bp) . The sequences were submitted to the EMBL Data Library and will be available under the accession numbers X74495, X74494 and X74493, respectively. (Boddinghaus e t al., 1990) . The alignment of the 23s rDNA mycobacterial sequences and the 23s rRNA/ rDN A sequences of other Gram-positive bacteria with a high G + C content revealed a high resemblance. Evolutionary distances of the 23s rDNA sequences were generated by the distance matrix analysis and the FITCH program using the total length of 3200 nucleotides of the multiple sequence alignment (Table 1) . Gaps (Stahl & Urbance, 1990; Rogall e t al., 1990) . However, when 23s rDNA sequences of M. avizlm and M . paratzlberculosis were compared to those of other mycobacteria, they appeared to be less similar than the 16s rRNA/DNA sequences ( the 23s rRNA/rDNA sequences constructed using the PILEUP computer program showed the close relatedness of M . paratztbercztlosis and M . aviztm (Fig. 1) . A unique insertion sequence in the 23s rDNA gene observed in some mycobacteria (Liesack et al., 1991) (Fig. 2) . This sequence differed between the mycobacterial species; there was one mismatch between M. paratztOerculosis and M . avium (Fig. 2) . In the secondary structure model (Hopfl e t al., l989), the insertion is located between helices 27 and 31 (Liesack e t al., 1991) . The predicted secondary structure for the insertion sequence in M. paratubercdosis, M . avitlm and M . phlei is depicted in Fig. 3 . The sequence of this region might be used to derive specific oligonucleotide probes, which can distinguish closely related species.
Helix 54 of the 23s rRNA/rDNA sequences of the _4ctinom_ycetales is much longer than that of the 23s rRNA/rDNA sequences of other bacteria (Roller et al., 1992) , and has been proposed to be an ideal target for diagnostic probes and selective PCR primers ( stearothermophilus, E. coli and P. aeruginosa using the PILEUP computer program.
probe was derived from this region (Liesack e t al., 1991) . Our data show that this extended helix is also present in the newly determined mycobacterial sequences. However, not a single mismatch was found between the inserted 11 1 nucleotides of M . paratzlbercztlosis and M . aviztm (Fig. 4) . This again stresses the close relatedness between M. paratztbercdosis and M . aviztm. Only nine mismatches were observed between the complete 23s rRNA genes. (Kempsell e t al., 1992) and M . leprae (Liesack e t al., 1991) , and contained only two mismatches between M . avium and M. parutuberculosis. Thus, it was not possible to derive specific probes from this region to discriminate between these closely related species. The sequence of the spacer region of M. avium serotype 8 is identical to the internal transcribed spacer (ITS) sequences of the MAC strains belonging to the Mav-B sequevar as described by Frothingham & Wilson (1993) . Interestingly, the M .
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paratuberculosis spacer sequence differs in two nucleotides from ITS sequences of the Mav-B sequevar but only in one nucleotide from ITS sequences of the Mav-A sequevar (Frothingham & Wilson, 1993) silvaticum (Thorel e t al., 1990) are mycobactin dependent. They can cause a disease in cattle which resembles paratuberculosis (Mathews & McDiarmid, 1979) . These strains can be distinguished from M . paratuberculosis by a different insertion sequence (IS) (Kunze e t al., 1991) . IS901 is related to but can be distinguished from IS900, which so far has been found in M. paratuberculosis only (McFadden e t al., 1987 ; Green e t al. , 1989).
In conclusion, the sequences of the 23s rDNA of M . paratuberculosis and M . avium are very similar. These sequences contain only nine mismatches, which none-theless could be used to differentiate these species. In contrast, the 23s rDNA sequences of other closely related mycobacteria were less similar than their 16s rRNA/DNA sequences, indicating that 23s rRNA is more suitable for finding differences between related organisms or for deriving specific oligonucleotide probes. The intergenic spacer region between the 16s and 23s rDNA gene, which has been found to be more diverse among closely related organisms than the rRNA genes themselves, was also almost identical between M . paratuberculosis and M.
avium. The lengths of the intergenic spacers of the fastgrowing mycobacteria are considerably greater than those of the slow-growing mycobacteria, but no tRNAencoding region was found in any of the mycobacterial sequences determined.
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